Raman spectra are acquired from Si nanowires ͑NWs͒ with diameters of 2-15 nm oxidized for different time durations. The Si TO optical phonon peak downshifts asymmetrically finally becoming an amorphous Si peak after a long oxidation time. The spectral changes cannot be correlated using the phonon confinement model of cylindrical NWs. Microstructural observations disclose that the strain induced by oxidization breaks the NWs into small nanocrystals. By considering the morphological transformation, we adopt the phonon confinement models on wires and dots to explain very well the Raman spectra acquired from Si NWs with different diameters.
As one-dimensional nanomaterials, Si nanowires ͑NWs͒ possess unique optical and electrical properties and have attracted much attention recently.
1-5 During fabrication, [6] [7] [8] the Si NWs are inevitably oxidized and so their structure and morphology are correspondingly modified. However, the oxidation mechanism and its impact on the structure and properties are not very clear. Raman spectroscopy is a useful tool to investigate the oxidation process of silicon NWs by providing information pertaining to the phonon confinement property, interface structure, etc. [9] [10] [11] In this letter, we investigate Raman scattering from Si NWs with diameters of 2-15 nm oxidized for different time durations. Different from recent papers reporting a Raman peak at 515 cm −1 from 4 nm diameter Si NWs, 12, 13 the peak position observed from our NW samples is observed to downshift from 521 to 480 cm −1 with increasing oxidation time. It is usually very difficult to fit Raman peaks at Ͻ510 cm −1 theoretically based on the NW phonon confinement model. Some reports speculate that the large shift is due to the smaller size 14, 15 whereas other people have introduced an interfacial state to qualitatively interpret the result. 10, 11 So far, the models used are all based on the Richter, Campbell, and Fauchet ͑RCF͒ columniform model without considering structural changes. In spite of modifications to the original RCF model, it is still difficult to fit the obtained experimental results with theoretically calculated ones. [9] [10] [11] [12] [13] In this work, based on previous reports, we first adopt the widely applicable model of cylindrical phonon confinement determined by the NW diameter to theoretically analyze and fit the measured Raman spectra acquired from NW samples with diameters of more than 4 nm. 12, 16 For small diameter NWs formed by annealing in O 2 , we consider the changes in the NW morphology from wires to dots and using the microcrystal model ͑MCM͒ 17, 18 and are able to fit the observed Raman spectra more accurately. This work improves our understanding on the relationship between the Si NW phonon properties and morphology.
The Si NW samples were fabricated by thermal evaporation. The Si powders ͑99.99%͒ and iron ͑99.99%͒ were mixed together as the vapor source, placed in an alumina crucible on one side of an alumina boat, and evaporated onto a series of cleaned Si ͑100͒ substrates located 18-24 cm away on the other side of the alumina boat. The alumina boat was inserted into an alumina tube with the alumina crucible located at the center of electric heater. The system was pumped to a pressure of 1 ϫ 10 −3 Pa and 99.99% Ar was introduced as the carrier gas at a flow rate of 10 SCCM ͑SCCM denotes standard cubic centimeters per second͒ throughout the experiment, during which the alumina tube was heated to 1300°C for 3 h. Finally, the alumina tube was cooled slowly to room temperature and yellow spongelike products were formed on the Si substrate. The Raman spectra were acquired on a T64000 triple Raman system at backscattering geometries using the 514.5 nm line of an Ar + laser as the excitation source. All the spectra were corrected for the response of the measurement system and renormalized for the fitting. Figure 1͑a͒ depicts the general morphology of the yellow spongelike products on the Si ͑100͒ substrate as revealed by scanning electron microscopy ͑SEM͒. The Si NWs with diameters ranging from 2 to 15 nm are several microns long. The thinnest NW has a diameter smaller than 2.4 nm. Figure  1͑b͒ shows the high-resolution transmission electron microscopy ͑HR-TEM͒ image of a Si NW which clearly discloses that the Si core grows along the ͗111͘ direction. According to a series of HR-TEM observations, it is found that a large amount of NWs grow mainly along the ͗111͘ direction. In the inset in Fig. 1͑a͒ , a NW along the ͗110͘ growth direction that can be found sporadically is displayed. In order to obtain smaller diameter NWs and more uniform growth direction, the Fe powder content and fabrication temperature can be adjusted in the experiment. 19 In general, the Si NWs are encapsulated by amorphous Si oxide sheaths, as illustrated by the NW in the inset.
The renormalized Raman spectra obtained from the Si NWs annealed at 800°C in O 2 ͑50 SCCM͒ for 0, 20, 60, and 120 min are exhibited in Figs. 2͑b͒-2͑e͒, respectively. These spectra are observed to prominently downshift from a narrow symmetrical peak indicative of the Si substrate ͓Fig. 2͑a͔͒ at 521 cm −1 to a broad asymmetrical peak at 480 cm −1 corre- 21 and thus we speculate that no intermediate state exists in the amorphous and crystalline interface layer ͑at least for our samples͒.
The traditional RCF model for cylindrical wires is first considered to fit the experimental results for different oxidation times. 16 However, only the Raman spectra in Figs. 2͑a͒ and 2͑b͒ can be interpreted well by this model. It can be ascribed to the phonon confinement effect of the infinite cylindrical wire TO optical phonon. Because the oxidation process is accompanied by a process involving increased lattice distortion, smaller diameter cylindrical wires are destroyed by strain and disintegrate into some smaller crystalline particles. This process has been confirmed by experiments on porous silicon and microcrystalline silicon 17, 22 and it is consistent with our HR-TEM image in Fig. 3͑a͒ . The smaller crystalline particle is surrounded by an amorphous sheath and it finally reaches complete structural amorphization due to the increasing strain if the oxidation time is long enough. Hence, the MCM model based on this confined optical phonon can be applied compatibly to interpret the NW oxidation mechenism, 17, 18 and the theoretical line shape function in Raman scattering is given by I c = ͓͉͐͑C͑0,q͉͒ 2 ͔ / ͕͓ − ͑q͔͒ 2 + ͑⌫ / 2͒ 2 ͖͒dq 3 . To analyze our Raman spectra acquired from NWs after different oxidation times, we use an isotropic TO branch optical phonon dispersion curve ͑q͒ along the ͗111͘ axis and natural linewidth ⌫ = 4.7 cm −1 . 23 For a given crystalline particle size D, the Gaussian form confinement function C͑0,q͒ as a function of the transverse phonon wave vector q can be written as C͑0,q͒ = exp͓−͑q 2 D 2 ͒ / ͑4 2 ͔͒, which can best describe the Raman observations. The Raman intensity of amorphous Si is obtained from the following equation: I a = ͚ a C a ͓n͑q , T͒ +1͔ a ͑q͒ / q, where a ͑q͒ is the density of the vibration states in band a, and C a and n͑q , T͒ are constant factor and BoseEinstein factor. 20 The Raman scattering intensity for NW contributed synchronously from I a and I c can be defined as I NW = I a + I c . The renormalized Raman scattering ratio fraction of the amorphous part is defined as = I a / ͑I c + I a ͒. 24 Accordingly, we obtain the amorphous volume fraction ratio and peak positions and the results are listed in Table I . It can be observed that increases monotonically from 0 to 1 and meanwhile, the typical crystalline symmetric Raman spectrum peak at 521 cm −1 transforms into a perfect asymmetric amorphous peak at 480 cm −1 . Here, we should mention that spectrum ͑b͒ has a very small value and so the amorphous silicon intensity is invisible. In spectrum ͑c͒, increases to 13.4% and thus the amorphous silicon intensity is obviously enhanced as shown in Fig. 2͑f͒ .
After a careful analysis of the Raman spectra based on our theoretical calculation, the mean NW diameter is ϳ4 nm ͓Fig. 2͑b͔͒ before oxidation. This small diameter but long wire can be easily destroyed into ϳ1.2 nm ͓Fig. 2͑c͔͒ and ϳ1 nm ͓Fig. 2͑d͔͒ crystalline particles induced by strain introduced by oxidation finally transforming into an entirely amorphous wire ͓Fig. 2͑e͔͒. The simulation results can furthermore confirm our experimental conclusion, and so we can clarify clearly the important physical problem pertaining to the Si NW oxidation mechanism as shown in Fig. 3 . Figures 3͑b͒-3͑d͒ schematically illustrate the Si NW transformation from crystalline NW to the amorphous state induced by oxidation. First, the crystalline Si NWs are oxidized by oxygen and covered by an amorphous oxide layer. From our above analysis, an amorphous silicon layer should exist ͑II region͒ between the crystalline Si core ͑III region͒ and amorphous silicon dioxide layer ͑I region͒ ͓Fig. 3͑b͔͒. It is difficult to observe it directly because of the small contract between amorphous Si and Si oxide. Second, with increasing oxidation time, the larger strain induced by structural defects and lattice distortion of the interface layer will cause disintegration of the cylindrical Si structure into smaller crystalline particles ͑IV region͒. Consequently, the amorphous Si component increases ͓Fig. 3͑c͔͒. Finally, the original Si NW become entirely amorphous and the smaller crystalline particles are completely amorphized and disappear ͓Fig. 3͑d͔͒.
In summary, Raman spectroscopy is employed to investigate the oxidation mechanism of Si NWs. The entire cylindrical Si NWs disintegrate into small crystalline particles due to the strain induced by oxidation when the Si NW diameters are smaller than 4 nm. As a result, the microcrystal model can adequately fit the Raman spectra in the 480-521 cm −1 range. Our results demonstrate how oxidation of the Si NWs proceeds and reveal that when explaining the optical and electronic properties of the Si NWs, the morphology transformation from wires to dots should be taken into account. 
